We (N.L. and L.D.T.) have introduced a human heavy-chain minilocus into mice transgenically. Constructs contain 2 heavy-chain variable (VH; *VH3-105 and VH5-251), 10 diversity (D), 6 heavy-chain joining (JH,), and either constant (C)Iu or C,u and Cy gene segments. Several founder lines were established and studied before immunization. Seventy heavy-chain transcripts were cloned and sequenced from murine splenic B lymphocytes, and genesegment use was assessed before and after class-switching. In general, the repertoire was "fetal" in appearance with little evidence of somatic mutation in any gene segment. The two VH gene segments were found rearranged to ,u-and y-chain C segments, with a preference of VH5-251. We observed a preponderance of the most-J-proximal D gene (DHQ52) segments among the ,u transcripts (44%). The JH gene-segment use mimics most patterns seen in human antibodies. Diversification in CDR3 was extensive and included clear examples of D inversions and D-D fusions. These data suggest that a human immunoglobulin minilocus can undergo recombinatorial processes in a manner analogous to that seen in the human fetal/preimmune repertoire. This model, in addition to providing a potential source of human monoclonal antibodies, is ideal for the study of further questions concerning immunoglobulin gene-segment recombination.
founder lines were established and studied before immunization. Seventy heavy-chain transcripts were cloned and sequenced from murine splenic B lymphocytes, and genesegment use was assessed before and after class-switching. In general, the repertoire was "fetal" in appearance with little evidence of somatic mutation in any gene segment. The two VH gene segments were found rearranged to ,u-and y-chain C segments, with a preference of VH5-251. We observed a preponderance of the most-J-proximal D gene (DHQ52) segments among the ,u transcripts (44%). The JH gene-segment use mimics most patterns seen in human antibodies. Diversification in CDR3 was extensive and included clear examples of D inversions and D-D fusions. These data suggest that a human immunoglobulin minilocus can undergo recombinatorial processes in a manner analogous to that seen in the human fetal/preimmune repertoire. This model, in addition to providing a potential source of human monoclonal antibodies, is ideal for the study of further questions concerning immunoglobulin gene-segment recombination.
The assembly of distinct variable (V), diversity (D), and joining (J) gene segments constitutes the first level of antibody diversification (1) . In certain circumstances gene segment use is not random. For example, in the murine IgM repertoire, there is a preferential utilization of the most-Jproximal heavy-chain V (VH) gene segments in fetal liver. In humans, there is evidence for the preferential use of particular VH gene segments in the fetus (2, 3) and in adult patients with certain autoimmune diseases or malignancies but not in normal adult B cells (4, 5; for review, see ref. 1) . Additionally, in the human, a preferential use of the most-J-proximal D-gene segment (DHQ52) has been described in fetal liver but not in adult peripheral blood lymphocytes (4) (5) (6) . To date, the mechanisms that lead to preimmune bias followed by randomization of gene segment use are unknown. A detailed analysis of immunoglobulin gene segment use in human adults has been hampered by the difficulty in producing stable hybridoma cell lines and the lack of a simple model to study positional effects. The use of mice transgenic for a human immunoglobulin minilocus simplifies the analysis of gene-segment use, as the number of gene segments is limited and the segments incorporated have been sequenced and are well characterized. Additionally, the development of transgenic mice carrying human immunoglobulin gene-segment miniloci should eventually simplify the production of human monoclonal antibodies for therapeutic purposes.
Recently, Bruggemann et al. (7, 8) described the production of transgenic mice carrying a largely human immunoglobulin minilocus. The transgenic mice were capable of rearranging the exogenous DNA and producing human ,u chains. Taylor et al. (9) have independently engineered similar transgenic mice to study, among other things, gene segment use. The constructs contain two human VH gene segments originally isolated on the same A clone. VH5-251 was chosen because it is overexpressed in the fetal repertoire, in patients with acute and chronic lymphocytic leukemia, and during autoimmune diseases (1, 10-13). Moreover, it is expressed as a germ-line transcript in all human B cells (14) . I/VH3-105 is physically linked to VH5-251 and contains a mutation in framework 1 (FR1, codon 28), rendering it a pseudogene (11) . Ten human D gene segments were introduced (15) (16) (17) . All six human JH gene segments were also included in the constructs. The constructs used here differ from those described by Bruggemann et al. (7, 8) in that they contain exclusively human coding sequences and all the gene segments are present on the same vector. Moreover, one of our constructs allows an analysis of the class-switching process.
Here, we report the analysis of the expression of two human immunoglobulin heavy-chain miniloci in transgenic mice. This study was 6, 15 , and 57). The preparation of the constructs and mice has been described (9) .
RNA Isolation and cDNA Synthesis. Total RNA was prepared from the spleens of 1-mo-old mice by acid guanidium thiocyanate-phenol-chloroform extraction (18) . For singlestrand cDNA synthesis, 10 ,ul of total RNA (10-20 ,ug) was heated at 70°C for 10 min in the presence of 10 pmol ofrandom hexamers. The reaction was then cooled on ice. Reverse Abbreviations: VH, heavy-chain variable; D, diversity; JH, heavychain joining; C, constant; N segment, segment containing nucleotides of unknown origin.
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transcription was done at 37°C for 1 hr with Maloney murine leukemia virus RNase H-reverse transcriptase (GIBCO/ BRL), as described by the supplier.
PCR Experiments and DNA Sequencing. The PCR was done as described (19) . Amplification of 2 ul of single-strand cDNA was done by using 40 cycles of 1-min denaturation (94°C), 1.5 min of annealing (54°C), and 2 min of elongation (72°C) with Taq polymerase (Promega). The final cycle was completed by 7-min elongation at 72°C. Ten picomoles of the primers: VHS leader (ATG GGG TCA ACC GCC ATC CT), VH3 leader (ATG GAG TCT GCG CTG AGC TG), ,u C (TGG GGC GGA TGC ACT CCC), and yl C (GTT TTG TCA CAA GAT TTG GGC) was used as appropriate. The PCR products were purified by using microconcentrators (Centricon 100; Amicon) and blunt-end ligated into EcoRV-digested plasmid (pBluescript KS+). The ligation mixture was used to transform Escherichia coli BSJ-72 competent cells. The resulting colonies were screened with a 32P-labeled oligonucleotide. Single-strand DNA was prepared and sequenced with the dideoxynucleotide chain-termination procedure modified in our laboratory as described (4, 12) . For each clone, two to three independent colonies were sequenced. Sequences were analyzed by using DNASTAR.
Amplification of Rearranged DNA. Splenic DNA was amplified as described above by using a 5' oligonucleotide common for VH5-251 and 4/VH3-105 (AGT TGC AGC TGG TGS AGT CTG) and a 3' JH consensus (ACC TGA GGA GAC GGT GAC CAG GGT) oligonucleotide. The amplified rearranged DNA was purified by using a low-melting temperature agarose gel, ligated into EcoRV-digested plasmids ( 
Proc. Natl. Acad. Sci. USA 90 (1993) 3721 ATT ACT GTG YGA GA). To determine the relative number of qIVH3-105 and VH5-251 rearrangements, >300 colonies resulting from two independent amplifications were screened.
RESULTS Transgenic Mice with a Human Immunogbbulin Minilocus
Produce Human jp and yChains. Three different founder lines were produced: strains 6 and 15 with the pIGMl construct (2 VH, 10 D, 6 JH plus CIL) and strain 57 with pHC1 (2 VH, 10 D, 6 JH, CIL plus Cy). The number of transgene copies is estimated to be -10-50, 5-20, and 10-50 for strains 6, 15, and 57, respectively. The presence of human ,u or y heavy chains in mouse sera was determined by ELISA. The mouse sera contained human ,u or 1 . and y chains, according to the construct used (9) . Human ,u heavy chain can also be detected by fluorescent antibody staining and flow cytometry on the surface of 5-10o of the murine splenic and peripheral B lymphocytes.
Both the #VH3-105 and VHS-251 Gene Segments Are Used in p Transcripts, but only VH5-251 Is Present in yTranscrlpts. Amplification of splenic DNA revealed that the functional VH5-251 gene segment is rearranged more frequently than q,VH3-105. Indeed, among the 397 clones detected by Cint primer, 388 (97.8%) were detected by using VHS primer, and 9 (2.2%) were detected by using VH3 primer. These experiments did not allow determination of the heavy-chain class. However, mRNA amplification and sequencing indicated that VH5-251 is present in both ,u and y transcripts, whereas IVH3-105 could only be detected in ,u transcripts.
The CDR3 sequences of 48 ,u and 11 y transcripts using the VH5-251 gene segment are represented in Figs. 1 and 2 . The human ,u transcripts derive from the spleens of mice carrying the construct with C,u (pIGM1, Fig. 1 ) or the construct with CIA and Cy (pHC1, Fig. 2a (20) . Due to the limited number of D gene segments within the transgenic construct, we could determine with relative certainty the origin of all CDR3s except one: 281 5M7 (Fig. 1) (4) (5) (6) .
JH Gene Segment Use Mimics the Human-Expressed JH Repertoire. All six JH gene segments were found in at least one transcript (Figs. 2 and 3) . A preferential use of the JH4 gene segment (52.8% of the transcripts) in both ,u and y transcripts was seen (Fig. 4) . The JH2, JH3, and JH6 gene segments are used in 10%o, 17%, and 16% of the transcripts, respectively. The JH1 and JHS gene segments are underrepresented, accounting for <3% of the transcripts each (Fig. 4) V-DJ recombination, as the sequence can be explained by using only germ-line nucleotides of the VH5-251 and JH1 gene segments. Four CDR3 sequences are best explained by postulating a V-D inverted-J rearrangement ( Figs. 1 and 2) . Additionally, seven (10%) of the transcripts use the DIR (D with irregular spacers) (15) gene segment in direct (4/7) or inverted (3/7) orientation, alone (5/7) or in a D-D fusion (2/7). Moreover, two sequences (one AL and one y chain) are the result of a D-D fusion, resulting either from D and/or DIR gene-segment rearrangements in a direct or in an inverted orientation (Figs. 1 and 2b) . Most of these features were observed in both ,u and y transcripts.
Lack of Somatic Mutation Suggests the Absence of Antigenic Selection. Comparison of the transcript and germ-line sequences indicated that gene segments were used with relatively few mutations. Indeed, among the 70 ,u-and 'y-transcript sequences, only 30 mutations were found. These base changes resulted in 14-amino acid changes. The replacement/ silent ratio is 1. Most variation occurred in the framework region, suggesting a nonselective process. It cannot be ruled out that these interchanges are due to Taq polymerase errors, as the percent of variation found reflects the percent of Taq polymerase errors in our laboratory. Proc. Natl. Acad. Sci. USA 90 (1993) 3723 DISCUSSION There are several issues in V-D-J rearrangement that have been difficult to approach in the human because of the absence of a model system for studying recombination. How and why distinct V, D, and J gene segments are used in specific immune responses could be related to the DNA elements themselves (positional, structural, etc.) or could be selective. We undertook to produce transgenic mice containing a limited number of well-characterized immunoglobulin gene segments to test these various possibilities.
The spleens of the transgenic mice described here contain B cells that produce human heavy chains composed of the gene segments present in the minilocus, probably associated with endogenous light chains. Both Z and 'y chains are secreted and can be detected in sera by ELISA or on the surface of B lymphocytes by fluorescent antibody staining and flow cytometry in the absence of immunization. The ability to undergo productive rearrangement did not depend on the chromosomal location of the transgene or on the number of transgene copies. Indeed, the miniloci introduced in our three different founder lines (strains 6, 15 , and 57) undergo heavy-chain rearrangement.
The transgenic mice use the exogenous DNA in a polyclonal manner. In the present study we analyzed 70 transcript sequences, and it is noteworthy that only two identical sequences were found in the same mouse. The DNA constructs used contained 2 VH, 10 D, and 6 JH gene segments, In the absence of immunization, class-switch within the minilocus is apparently rare. However, three (27%) of the sequenced ytranscripts are not in frame (Fig. 2b) , confirming that nonproductive rearrangements can undergo a classswitch. The mice described here are heterozygotic for the minilocus. Therefore, the class-switch probably occurs through an intrachromosomal rearrangement process (29) .
The occurrence of a class-switch in the exogenous DNA indicates that the murine factors involved in the class-switch process can identify and use the human switching sequences, such as S segments (27, 28) , and are probably able to transcribe the human C'y locus as a germ-line transcript (30, 31) . The possibility of a class-switch involving human C,u and murine Cy, as described by Shimizu et (Table 1) . A similar preferential use of DHQ52 has been described in the human fetal repertoire but has not been reported in the human adult repertoire (4-6). The DHQ52 gene segment is the most-Jproximal D gene segment in our constructs and in the human genome. However, it is unknown whether its preferential use is due to its location or to a particular flanking sequence. The number of y transcripts in our study is probably too low (n = 11) to draw any conclusions on D gene-segment utilization frequencies at this time.
The JH4 gene segment is preferentially used by the transgenic mice in 56% and 36.4% of the ,u and y transcripts, respectively (Fig. 4) . The human JH gene-segment selection from the minilocus is similar to that described in the human (5, 21, 33, 34) . This selection includes a preferential use of JH4; a relatively high frequency of JH2, JH3, and JH6; and a low frequency of JH1 and JH5. If JH gene-segment selection in the human is due to particular flanking sequences, the murine cellular machinery is apparently able to recognize and use these sequences equivalently.
In mammals, antibody diversity is the result of V-D-J recombination as well as several other mechanismsincluding somatic mutation, junctional diversity, D-inversion, D-D fusion, and gene replacement (6, 21, 35) . The present study indicates that in transgenic mice, these mechanisms also occur in exogenous DNA. The relatively low frequency of mutation in these human transcripts is probably a consequence ofthe pathogen-free environment in which the mice were kept. Ofthe mutations seen, there was no evidence that antigenic selection was involved. Junctional diversity, which is postulated to be due to the involvement of several enzymes, including exonucleases and terminal deoxynucleotidyltransferase (TdT), was extensive in the human transcripts. In transgenic mice, these enzymes apparently participate in the recombination ofthe exogenous DNA. Several of the human CDR3s only can be explained by invoking D-inverted sequences, and several seem to derive from D-D fusion. Although such D-D and D-inverted D fusions have been postulated, the limited number of D segments in our constructs allows an unambiguous assignment in each case. It is noteworthy that murine B cells can perform exogenous V-D-J recombination by using DIR gene segments, which have no structural murine counterpart. These results suggest that the murine B-cell machinery can rearrange exogenous human DNA by using the same mechanisms as the endogenous immunoglobulin gene locus. All these features are important to the production ofhuman monoclonal antibodies, as they suggest that the transgenic mice will reproduce human gene-segment selection and repertoire maturation.
